Drosophila contain an insulin receptor homologue,
The phenotype is reminiscent of those seen in syndromes of insulin-resistance or IGF-I and IGF-I receptor deficiencies in higher organisms, suggesting a conserved function for this growth factor family in the regulation of growth and body size. (Endocrinology 137: 846-856, 1996) T HE HORMONES of the insulin family exert a wide variety of effects on cell metabolism, proliferation, and growth.
The actions of these hormones are mediated by a receptor family, of which three members have been identified in mammals: the insulin receptor, the IGF-I receptor, and the insulin receptor-related receptor, for which a ligand has yet to be found (reviewed in Ref. 1). These receptors are part of a larger family of receptor tyrosine kinases (RTKs) that contain l&and-activated tyrosine kinases within their cytoplasmic domains. Signal transduction by insulin and IGF-I receptors has many features in common with other RTKs including ligand-stimulated autophosphorylation occurring in trans within a receptor dimer, activation of receptor tyrosine kinase activity towards exogenous substrates, and activation of downstream signaling molecules such as phosphatidylinositol 3-kinase, ras, and the MAP kinase cascade (2). The means whereby these receptors regulate distinct cellular activities is likely to depend on the particular subset of signaling molecules that are activated, the duration of the activation and the cell context in which downstream com- ponents specific to particular biological responses are expressed.
The study of RTK signal transduction has been facilitated by the use of genetic systems such as Drosophila and C. elegans (3, 4) . Drosophila contain an insulin-like molecule (5) and an insulin receptor homologue (Inr) . Although the structure of the Drosophila insulin has not yet been determined, the struc-ture of the Inr and the organization of its gene has recently been described (6). The overall structure of the Inr is highly homologous to that of the mammalian receptor. Both are tetramers composed of two (Y and two p subunits. The cy subunits contain ligand binding domains, and the p subunits contain transmembrane and cytoplasmic domains. Molecular and biochemical analyses of the Inr reveal that, like its mammalian counterparts, it is synthesized as a proreceptor precursor, which is proteolytically processed to form the mature cy and p subunits (6,7). The Inr can bind mammalian insulin (8) that stimulates autophosphorylation of tyrosine residues within the /3 subunit (9) and activation of the kinase activity towards exogenous substrates (10, 11) . Although it does not bind IGF-I (8, lo), the level of amino acid identity between the Inr and either the human insulin or IGF-I receptor is similar (6). The Inr is larger than the mammalian receptors due to extensions at both the amino and carboxyl termini (6). The carboxy-terminal extension contains a number of amino acid motifs that resemble binding sites for SH2 domain-containing proteins, such as those found in insulin receptor substrate 1 12) . This has interesting implications for the signaling mechanism of the Inr, suggesting that proteins may bind directly to the receptor to form stable signaling complexes. Functions for the Inr in DrosopkiLa remain to be defined. An important role for the Inr in embryonic development is suggested by the temporal and spatial distribution of itir messenger RNA (mRNA). Embryonic expression is maximal at 8-12 h after egg laying (9). inr mRNA is broadly expressed throughout the embryo with higher levels in the nervous system after midembryogenesis (13). During the larval stages, expression of inr mRNA remains high in the nervous system and prominent expression is also observed in the imaginal discs. Imaginal disc cells undergo several rounds of 
Determination of imaginal disc cell number
The cell number of Drosophila imaginal discs was determined using a modification of a procedure described by Martin (22) . GC25/EZ9 and EC34iE19 late third instar larvae from crosses of EZ9/TM3 to GC25/TM3 or EC34/TM3, respectively, were selected by their delayed development (6-8 days) as compared with their sibling larvae (E19, GC25, or EC34/ TM3) which develop at a normal rate. Imaginal discs (wing, eye-antenna, mesothoracic leg, metathoracic leg, and haltere discs) were dissected in DrosophiIn Ringer's solution (16) and transferred to a drop (20 ~1) of 0.35 M citric acid on a siliconized coverslip. The disc was dissociated by immersing the tip of a vibrating tweezers in the drop for 1-2 min to achieve a complete dissociation.
The total volume was measured and the cell suspension transferred to a hemocytometer for cell counting.
Results

Isolation of inr mutations
The inr gene was previously localized to the 93E region of the right arm of the third chromosome (Rosen, as cited in Ref.
23). In situ hybridization
to polytene chromosomes with inr genomic clone 19-12 was used to localize inr more precisely to position 93E4-5. A deletion of the region 93D5 to 93F14, Df(3R)eBS2, was used to identify mutations in the vicinity of irzr. inr genomic probes do not hybridize to Df(3R)eBS2 chromosomes, indicating that the chromosomal region containing the inr locus is deleted. EMS mutagenesis was performed, and 17 EMS-induced recessive lethal mutations mapping to the region 93D5-93F14 (Df(3R)eBS2 deletion) were isolated ( Fig. 1 ) and mapped more precisely with the overlapping Df(3)eF1 deficiency (93B8-13; 93D9-10).
Three were located between 93D5 to 93D7-10, and the remaining 14, located The rationale underlying both assays is that flies heterozygous for a mutation that results in either a decrease in Inr expression, truncation of the Inr protein or alteration of the Inr protein may exhibit a detectable decrease in either the amount or function of Inr. As expected, embryos from flies heterozygous for the deficiency, Df(3R)eBs2/ TM3, showed a decrease in the abundance of the Inr P-subunit to 67% of the wild-type, O-R, ( Fig. 2A) , consistent with the reduction in dosage of the wild-type inr gene in its embryo population.
Inr kinase activity in Df(3R)eBS2/ TM3 embryos was reduced to a similar level, 68% of O-R (Fig. 2B ), indicating that our assays are sufficiently sensitive to detect a loss-of-function mutation in a heterozygous population. Immunoblot analysis was used to compare the abundance of Inr P-subunit in 19 candidate mutants to that in the wildtype (O-R) ( Fig. 2A) . The abundance of the Inr in most of the mutants tested is similar to that of O-R. Some strains, especially E7/ TM3, exhibit a receptor level that appears elevated for unknown reasons ( Fig. 2A) . GC25/ TM3 exhibits a reduction in receptor abundance similar to that of Df(3R)eus2/ TM3 (57% of O-R, Fig. 2A) . El 9 / TM3 shows a moderate reduction in Inr abundance (76% of O-R) and EC34 / TM3 and El / TM3 show marginal reductions (86% and 84%, respectively, of O-R). Interestingly, GC25, EC34, and EZ9 belong to the same complementation group (Fig. 1) . The receptor level in another member of this group (El6iTM3) is similar to that in controls (98% of O-R). However, assays of Inr function by itz vitro assay of insulin-stimulated kinase activity reveals that activity is significantly reduced in EZ6 / TM3 heterozygotes (65% of wild-type, Fig. 2B ) and more severely, in EC341 TM3 (42% of wild-type; Fig. 2B ). GC25iTM3 heterozygotes also exhibit a decrease in kinase activity to approximately 75% of control levels (Fig. 2B) Heterozygotes of GC25, which is associated with an inversion breakpoint, exhibit a reduction in both Inr abundance (57% of the wild-type) and kinase activity (76% of the wild-type). The GC25 breakpoint is in or very near the inu gene. In situ hybridization of a labeled inr genomic probe (clone 19-12, Fig. 3C ) to GC25/+ polytene chromosomes reveals a distortion in the band representing the inu gene in the GC25 chromosome, whereas other mutations in the complementation group appear normal (Fig. 4) . The lack of any visible abnormalities in the other inv alleles suggests the presence of point mutations or minor DNA alterations that are not detectable by in situ hybridization.
Genomic Southern blotting reveals the GC25 breakpoint to be 5-to 7-kb upstream of the start of transcription. Figure 3 shows the enzymes and probes used. Restriction fragments as far upstream as the EcoRI site 5 kb upstream of the 5' end of the transcript are unaltered by the breakpoint.
However, restriction fragments further distal to the EcoRI site are altered in size (Fig. 3A) , placing the breakpoint between the EcoRI site and the Pstl site 2 kb distal to it (Fig. 3C, oyen arrow) . The interrupted upstream region of the inr gene in the GC25 allele may have a severe impact on inv gene expression and account for the decreased lnr abundance seen in the immunoblotting and kinase assays. A P element insertion mutation mapping to cytological position 93E4-5,1(3)5545, was identified as another member of the putative inr group by complementation analysis. Southern analysis of 1(3)5545 genomic DNA reveals that the P insertion has occurred within the 5-kb EcoRl-Xhol fragment that includes the 5' end of the transcript.
Because two new bands are observed in the mutant DNA probed with the EcoRI-XkoI fragment (Fig. 3B) , the fragment must overlap the P element insertion. The size of the new bands indicates that the insertion is approximately 1 kb from the 5'-EcoRI site, placing it within the ii'-end of the coding sequence. The localization of the molecular lesion in this mutation to a site within the inu transcribed region provides further evidence that this complementation group represents the irzu gene.
The phenotypes of inr mutant alleles
The hatching frequency of embryos homozygous for illr mutations was not the same for all alleles. The 48-h hatching rates are greater than or equal to 90% in both wild-type strains tested (O-R and ca). Embryonic lethality due to the induced mutations and deficiencies tested would result in a hatching frequency of approximately 50% in these balanced stocks. The most severe lethality was seen in embryos carrying the deficiency, Df(3R)eBS2 (38% hatched) indicating that all embryos homozygous for the deficiency die before hatching. Three members of the inr group, EZ6, EC34, and GC25, display hatching rates of 60%, 60%, and 63%, respectively, whereas inr allele EZ9 has a hatching rate of 76%. (e, lanes 3, 6, 9, and 12) flies were digested with SmalI (S, lanes l-31, PstI (P, lanes 4-6), BamHI (B, lanes 7-91, and EcoRI (E, lanes 10-12). After electrophoresis and transfer, the genomic fragments were probed with a 32P-labeled complementary DNA probe, 3cu (Fig. 4C) (Fig. 4C, arrowhead) has been lost, and a new site has appeared further upstream. These alterations are not polymorphic differences between Zn(3)GC25
and O-R chromosomes as they are not detected in EC34 chromosomes (data not shown), which were derived from same original chromosomes as Zn(3)GC25 (18). Neither are they polymorphisms in the TM3 chromosome, an example of which is shown (lanes 7-9). B, 1(3)5545/ TM3 DNA digested with EcoRI and hybridized with the EcoRI-XZzoI fragment of clone lC, which includes the 5' end of the inr transcribed region (Fig. 4C) , exhibits 14.7-and 1. eclose later than the progeny of the E19lTM3 X GC25/TM3 cross ( Fig. 5A ), regardless of whether or not they carry a wild-type inu allele (TM3). This suggests that the EC34 allele causes a more pronounced delay than the GC25 allele. The delay of eclosion by approximately 3 days even in the presence of the wild-type inu allele is consistent with the putative dominant-negative action of EC34 suggested by the kinase assay. A detailed developmental study was carried out to determine which developmental stages are delayed in the heteroallelic mutants (Fig. 5B) . The heteroallelic mutants, EC341 El9 and GC25/ E19, exhibit prolonged second and third larval instars relative to their siblings carrying a wildtype inu. This suggests that developmental events occurring during these stages are particularly sensitive to decreased Inr function.
Larval stages are unique in dipteran development in that during these stages rapid cell proliferation and differentiation occur in imaginal discs, the precursors of major adult organs (25). Imaginal discs are major sites of inu expression during larval stages (I3), suggesting that examining the phenotypes of the major imaginal discs in the heteroallelic inu mutant larvae might provide insight into the biological basis for the developmental delay. The size of all five imaginal discs (wing discs, eye-antenna discs, mesothoracic and metathoracic leg discs, and haltere discs) examined from GC25/ EZ9 are reduced compared with those from wild-type larvae of the same stage (Fig. 6) . The cell number of wing discs is reduced to 36.5 + 1.2 X lo3 per disc in GC25lE19 (75.8% of that in O-R, 48.2 t 1.2 X lo3 cells per disc) and 29.3 ? 2.0 X lo3 per disc in EC34/E19 (60.8% of that in O-R) (Fig. 7) . The reduction in cell number in the eye-antenna (54.1%, and 56.4%, of that in O-R) and metathoracic leg discs (56.5%, and 58.8%, of that in O-R) from heteroallelic mutants GC25/EZ9 and EC34iE19, respectively, is even more dramatic, and is similar for both heteroallelic combinations.
Haltere disc cell number is marginally decreased (81.9% of that in O-R) in GC25/E19, whereas it is more severely reduced in EC34lE19 (56.6% of that in O-R). Thus, decreased cell number can account for the reduction in size of imaginal discs from heteroallelic mutant larvae. The results implicate the Inr in the control of cell proliferation during the larval stages. Both pupae and adult flies of GC25lE19 and EC34lE19 are much smaller than their siblings carrying one mutated inr allele (El 9, GC25, or EC34) and a wild-type allele from their TM3 chromosomes (Fig. 8) Ovary phenotypes of the heteroallelic mutant females Although GC25lE19 males and females and EC34lE19 males are fertile, EC34/E19 females are unable to produce eggs. Examination of ovaries revealed obvious differences between those of both heteroallelic mutants and wild-type flies (Fig. 9) . Five days after eclosion, the ovary from an O-R fly (Fig. 9A) is fully developed and producing mature oocytes in most of its ovarioles.
GC25/EZ9 ovaries (Fig. 9B) , contain a few ovarioles producing mature eggs (arrowhead), but the general size of the ovary is reduced due to the small size of many underdeveloped ovarioles. The ovary from EC34/E19 is further reduced in size (Fig. 9C) . None of the EC34/El9 ovarioles contain mature eggs, and the size of the ovary remains unchanged at 7,10, and 14 days after eclosion (data not shown), consistent with the sterility in EC34/E19 females. Further examination of ovarioles dissected from heteroallelic mutant (GC25/EZ9 and EC34/EZ9) females 0, 3, and 5 days after eclosion reveals that the pace of ovariole Cells dissociated from wing discs, haltere discs, eyeantenna discs, and metathoracic leg discs from late third instar larvae (prepupae) of the wild-type,
(O-R, wt-1, and heteroallelic mutants (GC25lE19 and EC34lE19) were counted with a hemocytometer.
The number (mean i SEM, n 2 4) of dissociated disc cells from a single disc is indicated. maturation in the double mutant flies differs from that of the wild-type (O-R). The delay in maturation is evident on the day of eclosion in both GC25/EZ9 and EC34/El9, although maturation is more severely retarded in EC34/E19 (data not shown). At all times examined, the double mutant ovarioles exhibit less mature stages as compared with the wild-type. Five days after eclosion, GC25/E19 ovarioles may exhibit an egg chamber containing an oocyte with accumulating yolk; however, the EC34/ EZ9 ovarioles never mature to the stage of yolk deposition.
These results indicate that ovariole maturation and yolk deposition are disrupted in the heteroallelic mutants due to decreased Inr function.
Discussion
A lethal complementation group representing mutations in the inr gene has been identified.
Both this mutagenesis and a previously reported one (18) yielded more mutations in the inr complementation group than any other in the Df(3R)eBS2 region. Like the Egfr gene, which also exhibits a higher than expected mutation frequency (26), inr encodes a large protein with multiple functionally important domains, which may increase the probability that a mutation will disable the function of the gene product.
All the mutant inr alleles that have been identified exhibit a recessive lethal phenotype, indicating that inr provides an essential function. The stage of lethality may differ, as suggested by the lower hatching frequency conferred by some inr alleles. Interestingly, alleles with lower hatching frequency are all deficient in in vitro Inr kinase activity. Therefore, the severity of the defect in the Inr kinase as measured biochemically correlates well with the severity of the effects of inr mutations on Drosophila embryonic development, con- sistent with the essential role of the insulin receptor kinase in its biological actions (2). However, the EZ9 mutation suggests that kinase activity, while essential for receptor signaling, is not sufficient to elicit the full range of Inr biological actions. This latter conclusion is consistent with results of genetic analysis of other RTKs in Drosophila, e.g. DER (24), and mutagenesis studies of mammalian insulin receptors (27, 28) .
The mutation that retains insulin-stimulated kinase activity, EZ9, is able to complement two other irzu alleles, EC34 and GC25, to produce viable adults with a developmental delay, growth deficiency phenotype.
One heteroallelic combination, E19/EC34, is also female sterile. In the case of Inr, a protein with multisubunit and multidomain structure, interallelic complementation may occur because receptor subunits from the two mutant alleles interact to form a functional hybrid holoreceptor.
An example of such interallelic complementation was observed in another Drosophila RTK, the Drosophila EGF receptor (24). The complementation of EC34 and EZ9 is consistent with such a model. However, the ability of Although one must be cautious in using the results of such in vitro assays to predict in vivo biological activity, a dominant-negative action is consistent with the more severe biological consequences of the EC34 mutation.
For example: 1) EC34iEZ9 flies exhibit a longer eclosion delay than GC25iEl9 flies and a delay due to the EC34 allele is evident even in siblings carrying a wild-type inr allele (Fig.  5) . 2) By the end of the third instar, there are fewer cells in the EC34/El9 wing and haltere discs than in the same discs from GC25/EZ9 (Fig. 7) . 3) Average body weight of EC34lEl9 adult flies is lower than that of GC25/EZ9 (48% vs. 56-57% of wild-type, respectively). 4) EC34iEZ9 females are sterile, and GC25iEZ9 females are not. Thus, like the lethal phenotype observed in homozygous inr mutant embryos, the severity of the heteroallelic inr phenotype correlates with the degree of impairment of the receptor tyrosine kinase, as measured in vitro.
The occurrence of the developmental delay in the second and third larval instars, together with previous observations that inr expression is high in imaginal discs (13) of imaginal discs after damage or transplant of immature or regenerating discs into a late larval host will delay the onset of metamorphosis.
Furthermore, continued proliferation, as occurs in disc overgrowth mutants, greatly extends the length of the larval stage. In the case of heteroallelic inr mutants, the second and third larval instars together last 12-14 days, 2.5-to 2.8-fold longer than that for sibling controls carrying one wild-type inr allele. Yet, in contrast to disc overgrowth mutants, the resulting imaginal discs are smaller and contain fewer cells than those in sibling controls (Figs. 6 and 7) . Thus, fewer cell divisions have occurred, despite the extended period of time. This suggests that the larval stages are prolonged in inu mutants because either the frequency of cell division is lower or the duration of the cell cycle is extended due to decreased Inr function. This would effectively extend the proliferative period while the discs continue to grow, albeit more slowly.
Interestingly, a temperature-sensitive mutation that decreased mitotic rate in Drosophila, l(Z)ts-1226 (32), exhibits similar properties to heteroallelic inu mutants. Short periods at the restrictive temperature (29 C) during first and second larval instars leads to a delay of pupariation by as much as 4 days, but the resulting flies are of normal size. In contrast, a 29 C pulse during third instar did not delay pupariation but resulted in smaller flies. Thus, the effects of inu mutations, a dramatic developmental delay in combination with decreased adult size, are consistent with a slowing of mitotic rate throughout all the larval stages. A notable difference between the inr heteroallelic phenotype and that of other mitotic mutations is that, despite the greatly prolonged larval stages, the larvae and adults are reduced in size. In other cases, the size of mutant discs appears to be related to the duration of development (33). Presumably, the extended developmental time allows mutant discs to reach their normal intrinsic growth limit. This does not occur in heteroallelic inr mutants, which exhibit a reduction in disc cell number consistent with one less round of cell division.
A Because pattern formation appears to be intimately related to proliferation and growth control (38), Inr may also regulate disc size at least in part by influencing the expression of patterning genes. Other mutations that block disc cell proliferation, e.g. discless (39), are late larval/pupal lethals, indicating that imaginal discs are not necessary for survival and growth of the larvae. Therefore, the embryonic lethal phenotype conferred by some homozygous Inr mutant alleles suggests that the Inr has essential roles in other tissues during development. These functions may be related to development or differentiation of the nervous system, in which irrr mRNA is expressed at high levels (13), or other tissues. Further studies of the basis of the embryonic lethality may uncover these other roles of the In-r.
Heteroallelic ilzr mutant GC25iEZ9 females are fertile but with smaller ovaries (Fig. 9) containing fewer and less mature egg chambers in their ovarioles compared with the wildtype. The phenotype is more extreme in the EC34lE19 females: maturation of egg chambers is severely retarded and stops before vitellogenesis resulting in extremely reduced ovaries and sterility. Thus, at least two separate processes are affected in the mutant ovaries: 1) the process of egg chamber formation and growth is retarded; and 2) yolk protein deposition or vitellogenesis is blocked. Egg chamber formation requires four rounds of cell division to form a 16-cell cyst from a germ line-derived stem cell. In addition, follicle cells migrate from the wall of the germarium to envelop the germinal cyst and undergo 4-5 rounds of division by the end of stage 5 (40). Thus, the basis of the retardation of egg chamber formation may be a slowing of cell division due to decreased Inr function, similar to the mechanism proposed to underlie the elongation of the larval stages. Such a mechanism would account for the phenotype of GC25/E19 ovaries, in which oocyte production is simply delayed. However, the complete blockage of vitellogenesis in EC34/E19 ovaries suggests another role for Inr which remains to be defined.
Severe insulin resistance in humans is characterized by intrauterine growth retardation and low birth weight, as well as other abnormalities (41) (44, 45) . Analysis of the growth kinetics in these mutant mice suggests that the major impact of these mutations is an elongation of cell cycle time leading to fewer than normal proliferative events (46). This conclusion was borne out by studies of cell lines derived from the IGF-I receptor knockout mice in which the proliferation rate was shown to be 40-50% of that of control cells (47). The data presented here indicate that fewer rounds of cell division occur in inr mutants over a greatly extended developmental time suggesting that a similar mechanism underlies the growth deficiency in inr mutants. Therefore, it would appear that despite the completely different approaches to assembling an adult organism in flies and mammals, the same growth factor family is using a similar mechanism for the regulation of body size. This striking functional conservation suggests that the growth regulatory functions of the insulin/IGF hormone family arose before the evolutionary divergence of insects and vertebrates some 600 million yr ago. 
